Introduction
============

Regeneration of periodontal tissue requires the exclusion of the epithelium and, in some cases, the gingival connective tissue from the root surface. In addition, previous studies ([@b1-etm-0-0-3918]--[@b3-etm-0-0-3918]) strongly support the hypothesis that enamel matrix proteins (EMPs), known for their impact on the structural organization of tooth enamel, may serve an important role in periodontal tissue formation ([@b1-etm-0-0-3918]). It is believed that enamel matrix derivative (EMD), the active component of Emdogain (Straumann), has odontogenic effects through inducing the proliferation and differentiation of connective tissue progenitor cells, stimulating bone growth and arresting gingival epithelial cell migration ([@b2-etm-0-0-3918],[@b3-etm-0-0-3918]).

EMD is comprised primarily of amelogenins (AMELs), a family of proline-rich peptides synthesized from the AMEL gene by alternative splicing and post-translational modifications. This family includes full-length AMEL (25 kDa), which is processed into a 20 kDa protein, and then into a tyrosine-rich AMEL peptide (TRAP) and a leucine-rich AMEL peptide (LRAP) ([@b4-etm-0-0-3918],[@b5-etm-0-0-3918]). Only a small number of studies have directly described the effect of EMD and full-length recombinant AMEL *in vitro* ([@b6-etm-0-0-3918]--[@b8-etm-0-0-3918]). Furthermore, alternatively spliced products and degraded forms of AMEL have biochemical properties that are distinct from full-length AMEL that are critical for function ([@b9-etm-0-0-3918],[@b10-etm-0-0-3918]), as well as between amelogenins with different molecular mass ([@b11-etm-0-0-3918]). Previous studies that have analyzed the influence of EMD on gingival epithelial cells are rare and the results ambiguous. A number of studies have demonstrated that EMD inhibits epithelial cell proliferation ([@b12-etm-0-0-3918]--[@b15-etm-0-0-3918]), while another indicated no effect ([@b16-etm-0-0-3918]) and another observed acceleration of epithelialization following EMD stimulation ([@b17-etm-0-0-3918]). Moreover, it is unclear which component of EMD is a direct inhibitor of epithelial cell growth. In previous studies, full-length recombinant AMEL was indicated to be the active component ([@b18-etm-0-0-3918],[@b19-etm-0-0-3918]).

The aim of present study was to investigate the influence of commercial lyophilized EMD, porcine recombinant prAMEL and TRAP on the adherence, proliferation and migration of human epithelial cells. Real-time cell analysis (RTCA; xCELLigence) was used to facilitate label-free and operator-independent investigation of cell behavior, through monitoring the cells in physiologically relevant conditions.

Materials and methods
=====================

### Experimental proteins

Lyophilized EMD was provided by the Straumann AG Institute (Basel, Switzerland). Porcine recombinant AMEL (49 KDa) and TRAP (5.3 kDa) were synthesized, as described below. Cells were stimulated with protein extracts of 12.5, 25 and 50 µg/ml.

### Porcine recombinant AMEL synthesis

#### Construction of pGex4T-1-AMEL-GST

AMEL protein was provided by BLIRT S.A. (Gdańsk, Poland). The protein sequence of *Sus scrofa* AMEL was obtained from the UniProt database (accession no. Q861X0; [uniprot.org/](uniprot.org/)). This sequence, with an added glutathione S-transferase (GST) tag to increase protein solubility, is the following: ENFLYQGSMPLPPHPGHPGYINFYEDLYLEAIRIDRTAF VLTPLKWYQNMIRHPYTSYGYEPMGGWLHHQIIPVVS QQTPQSHALQPHHHIPMVPAQQPGIPQQPMMPLPGQH SMTPTQHHQPNLPLPAQQPFQPQPVQPQPHQPLQPQSP MHPIQPLLPQPPLPPMFSMQSLLPDLPLEAWPAT. The amelogenin construct contains prAMEL (21.3 kDa) and GST, yielding a molecular mass of \~49 kDa.

The DNA sequence encoding the AMEL-GST protein was synthesized using the GeneArt service (Thermo Fisher Scientific, Inc.; Waltham, MA, USA). The sequence obtained was cloned into the pGex4T-1 vector (Addgene, Inc., Cambridge, MA USA) with *NdeI* and *BamHI* enzymes. The pGex4T-1-AMEL-GST construct was transformed into ArcticExpress (DE3) *E. coli* (Agilent Technologies, Inc., Santa Clara, CA, USA) using a chemical method. Plasmid DNA was added to 100 µl competent cells on ice. The whole mixture was incubated on ice for 30 min. The bacteria were shocked at 42°C and cooled on ice. lysogeny broth (LB) medium was added and the culture was grown at 37°C for 45 min. The transformation mix was transferred on LB agar supplemented with ampicillin (100 µg/ml). The resulting clones were sequenced using an automated ABI Prism 3130xl Genetic Analyzer (Applied Biosystems; Thermo Fisher Scientific, Inc.) to confirm that cloning had been performed correctly. The amelogenin construct included amelogenin (21.3 kDa) and GST, yielding a final molecular mass of 43 kDa.

#### Overexpression of AMEL-GST in E. coli

ArcticExpress (DE3) *E. coli* containing the pGex4T-1-AMEL-GST construct were cultured overnight in LB media, supplemented with ampicillin (100 µg/ml) and gentamicin (40 µg/ml). Cultures were then diluted to a 1:100 ratio in the same media and cultured at 30°C until they reached an optical density reading of 0.6 at a wavelength of 600 nm. The cultures were then cooled to 10°C and protein expression induced with 0.1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Cultivation was performed for \~40 h, prior to centrifugation at 3,500 × *g* for 30 min at 4°C (Heraeus Multifuge 3 S-R; Thermo Fisher Scientific, Inc.). And freezing of the resulting pellet.

#### Purification of the AMEL-GST fusion protein

The cell pellet (\~15 g) was suspended in 200 ml of buffer A (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, pH 8), with protease inhibitor (1:100; P8340; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) lysed by sonication (10 times for 20 sec, 60 sec rest, with total energy 200 J/ml) and the resulting lysate centrifuged at 3,500 × *g* for 30 min at 4°C. As expected, most protein remained in the soluble fraction. Following centrifugation the protein was bound via its GST tag to a 5 ml conditioned Glutathione Sepharose 4B (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) for 2 h at 4°C, rinsed twice with buffer A 4X column volume (CV) and eluted with buffer B (50 mM Tris, 50 mM NaCl, 20 mM GSH, pH 8) 3×1.5 CV. The fractions obtained were analyzed by 4--12% SDS-PAGE to confirm the presence of AMEL and the quantity from images of the gels analyzed using TotalLab Quant 1.2 software (Cleaver Scientific Ltd., Warwickshire, United Kingdom) to determine the purity. Protein concentration was determined by the Bradford assay (Thermo Fisher Scientific, Inc.) and a NanoDrop instrument (Thermo Fisher Scientific, Inc.).

#### Lyophilization of the AMEL-GST fusion protein

AMEL-GST and GST were lyophilized using the freeze-dry technique. Proteins (1 mg) in buffer A were aliquoted, frozen in liquid nitrogen and lyophilized overnight.

#### Reconstitution of the AMEL-GST fusion protein

Lyophilized AMEL-GST and GST were reconstituted in 1 ml of buffer A to concentration of 1 mg/ml. Reconstituted samples were centrifuged at 3,500 × *g* for 30 min at 4°C to remove any aggregated protein and separated by 4--12% SDS-PAGE to confirm reconstitution. Samples of AMEL-GST and GST were analyzed using the Bradford assay to confirm a concentration of 1 mg/ml and estimate the quantity of protein lost during reconstitution. Protein concentration prior to lyophilization and following reconstitution was 1 mg/ml, indicating that no protein was lost.

### TRAP synthesis

#### Construction of pET-22b-TRAP

A TRAP gene construct was obtained by polymerase chain reaction (PCR) amplification of the clone containing human AMEL cDNA using the following modified primers: Forward, 5′-TTT CAT ATG CAT CAC CAT CAC CAT CAC GAT GAC GAT GAC AAG ATG CCT CTA CCA CCT CAT CC-3′ and reverse, 5′-TTT AAG CTT CAC CAT CCA CCC ATG GGT TCG TAC CCA TAG GAA GTG TAC GGA TGT CTT ATC ATG TTC TG-3′. Human AMEL cDNA clone was used as a template and modified primers converted the human TRAP coding sequence to the pig coding sequence of TRAP. These were capable of converting human TRAP coding sequence to pig coding sequence of TRAP, and contained a histidine tag and enterokinase recognition site. PCR was performed in a 25-µl total reaction volume containing 5 ng plasmid DNA (human AMEL cDNA clone), 1X KAPA2G Robust HotStart DNA Polymerase (KK5702; Robust HotStart ReadyMix PCR kit; Kapa Biosystems, Inc., Wilmington, MA, USA) and 0.125 µM of each primer. PCR thermal cycling conditions were as follows: 35 cycles of 30 sec at 94°C; 30 sec at 58°C; and 45 sec at 72°C. Subsequently, the PCR product was purified using a StrataPrep PCR Purification kit (400773; Agilent Technologies, Inc.) and sequenced using an automated 3130xl Genetic Analyzer (Applied Biosystems; Thermo Fisher Scientific, Inc.) to confirm correct cloning. The TRAP fragment was digested with *Nde*I and *Hind*III enzymes and ligated into the pET-22b(+) expression vector (Novagen; Merck & Co., Inc., Whitehouse Station, NJ, USA) digested with the same endonucleases.

General procedures of handling DNA were performed according to Sambrook and Russel ([@b20-etm-0-0-3918]). Plasmid DNA was isolated using the StrataPrep Plasmid Miniprep kit (400761; Agilent Technologies, Inc.). PCR reagents, restriction enzymes and T4DNA ligase were purchased from Kapa Biosystems, Inc., (Wilmington, MA, USA), Thermo Fisher Scientific, Inc., and New England Biolabs, Inc., (Ipswich, MA, USA), respectively.

#### TRAP overexpression in E. coli

This construct was transformed into Rosetta 2 (DE3) pLysS *E. coli* (Novagen; Merck & Co., Inc.) using a chemical method. Plasmid DNA was added to 100 µl competent cells on ice. The whole mixture was incubated on ice for 30 min. The bacteria were shocked at 42°C and cooled on ice. LB medium was added and culture was grown at 37°C for 45 min. The transformation mix was transferred onto LB agar supplemented with ampicillin (100 µg/ml) and chloramphenicol (34 µg/ml). *E. coli* was routinely grown overnight at 37°C, with standard antibiotic plate selection performed according to the manufacturer\'s instructions. Transformed *E. coli* were grown overnight in LB media supplemented with ampicillin (100 µg/ml) and chloramphenicol (34 µg/ml). Cultures were then diluted in a 1:100 ratio in the same media and cultured at 37°C until they reached an optical density reading of between 0.6 and 0.8 at a wavelength of 600 nm. Then, protein expression was induced with 1 mmol/l IPTG and cultures were grown for 16 h at 37°C.

#### Immobilized metal affinity chromatography of TRAP

Pellets were collected by centrifugation at 3,500 × *g* for 30 min at 4°C (Heraeus Multifuge 3 S-R; Thermo Fisher Scientific, Inc.). Pellets were suspended in 2 ml of modified phosphate buffer solution (50 mmol/l phosphate buffer disodium hydrogen phosphate and potassium dihydrogen phosphate, pH 8.0, 300 mmol/l NaCl, 10% glycerol) and disrupted using a 10 ml tissue grinder at 4°C. The resulting lysate was centrifuged at 14,000 × *g* for 20 min at 4°C. The supernatant from this was bound overnight at 4°C onto 2 ml of cobalt resin (TALON Metal Affinity Resin; Clontech; Takara Biotechnology Co., Ltd., Dalian, China) equilibrated with phosphate buffer. Then, the suspension was placed in a PD-10 column (Sigma-Aldrich, St. Louis, MO, USA) and washed with 30 ml of phosphate buffer. Unbound proteins were washed away using a stepwise pH gradient consisting of 10 ml of phosphate buffer at pH 7.0, 10 ml of phosphate buffer at pH 6.0 and 10 ml of phosphate buffer at pH 5.7. The recombinant protein was eluted with pH 6.0 phosphate buffer, where 2 ml fractions were collected and frozen at −20°C. Samples were subjected to 16% SDS-PAGE and stained with Coomassie Brilliant Blue to visualize proteins. The concentration of purified protein was measured using the Bradford method and found a yield of \~4.7 mg/ml.

#### Cell culture

All experiments were performed on the human tongue squamous cell carcinoma cell line (SCC-25; cat. no. CRL-1628; American Type Culture Collection, Manassas, VA, USA). SCC-25 cells were transferred under aseptic conditions from freezing medium \[Dulbecco\'s modified Eagle medium/Nutrient Mixture F-12 (DMEM/F12), 10% fetal bovine serum (FBS) and 10% dimethyl sulfoxide (all Gibco; Thermo Fisher Scientific, Inc.), and 400 ng/ml of hydrocortisone\], to a 90 mm sterile petri dish (Sarstedt AG & Co., Nümbrecht, Germany) containing 10 ml of growth medium \[DMEM/F12, 10% FBS, 100 µg/ml penicillin, 100 µg/ml streptomycin and 2 mmol/l L-glutamine (all Gibco; Thermo Fisher Scientific, Inc.), and 400 ng/ml of hydrocortisone\]. Cells were grown at 37°C, under 5% CO~2~ and at 100% relative humidity. Cells were cultured until 90% confluency, washed with phosphate buffered saline and trypsinized (0.25% trypsin containing 0.01% EDTA). Following 5 min incubation at room temperature, complete growth medium was added at a ratio of 1:10, and the cell suspension was transferred to new petri dishes.

#### Cell adherence and monitoring

Cell adherence and proliferation was monitored in real-time using the xCELLigence system and E-Plate 96 insert (ACEA Biosciences, Inc., San Diego, CA, USA). Instrument measures the electrical resistance of the sensor electrodes that is proportional to the number of cells attached to the sensors, which allows real time measurements by probing cell growth at different time intervals. The electrical impedance value of each well was automatically monitored by the xCELLigence system and expressed as a cell index (CI) value. Each experiment was performed five times. The external control plate contained cells that were not exposed to the experimental proteins.

For cell adherence measurements, after reaching 90% confluency, SCC-25 cells were passaged with 0.25% trypsin solution and seeded into wells of the E-plate 96 at 10,000 cells/well. Immediately, 96 wells were stimulated with the protein extracts (EMD, AMEL and TRAP at final concentrations of 12.5, 25 and 50 µg/ml, respectively), released by the metallic alloy material, and monitored every 15 min for 14 h.

For cell proliferation measurements, after reaching confluence, SCC-25 cells were passaged with 0.25% trypsin and seeded into wells of the E-plate 96 at 10,000 cells/well. Then, cells were left to obtain cell a CI value equal to \~1. Afterwards, cells were treated with EMD, prAMEL and TRAP (12.5, 25 and 50 µg/ml, respectively), released by the metallic alloy material, and monitored every 15 min for 48 h. Evaluation was performed 12, 24, 48, 60 and 77 h after stimulation.

#### Monitoring of cell migration

The rate of cell migration was monitored in real-time with the xCELLigence system and the CIM-plate 16 insert (ACEA Biosciences, Inc.). Cells were passaged and placed in the upper chamber of CIM-plate 16 in FBS-free media. The lower chamber of the plate contained 160 µl of media with 10% of FBS as an attractant. Cell migration was measured by electrodes located between the lower and upper chambers. Immediately following seeding at 20,000 cells/well, cells were treated with EMD, prAMEL and TRAP (12.5, 25 and 50 µg/ml, respectively), and monitored every 15 min for 49 h. The control plate contained cells not exposed to the proteins.

#### Statistical analysis

Statistical analysis was performed using Statistica software (version 10; StatSoft, Inc., Tulsa, OK, USA). The Shapiro-Wilk test of normality was used on continuous variables. The results are described as the mean ± standard deviation. One-way analysis of variance with the multiple comparisons Tukey\'s test was applied. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Cell morphology

None of the analyzed proteins affected SCC-25 cell morphology, regardless of the dose ([Fig. 1](#f1-etm-0-0-3918){ref-type="fig"}). SCC-25 cells, characterized by a spindle-like shape. Only changes to a more circular shape with increasing cell density were observed. In addition, characteristic proliferation in clusters was observed ([Fig. 1](#f1-etm-0-0-3918){ref-type="fig"}).

### Cell adherence

The effect of experimental proteins on SCC-25 cell adhesion was monitored over 14 h in real-time. A representative graph comparing the rate of cell adherence, in terms of CI, when incubated with EMD, prAMEL or TRAP protein is shown in [Fig. 2](#f2-etm-0-0-3918){ref-type="fig"}. No significant difference in cell adherence was observed among all the groups, regardless of dose ([Table I](#tI-etm-0-0-3918){ref-type="table"}).

### Cell proliferation

Cell proliferation was monitored using RTCA over a period of 77 h after EMD, prAMEL or TRAP stimulation. A representative graph comparing the rate of CI of SCC-25 cells is shown in [Fig. 3](#f3-etm-0-0-3918){ref-type="fig"}. No significant difference in the rate of proliferation was observed after 12-h incubation ([Table II](#tII-etm-0-0-3918){ref-type="table"}). RTCA analysis performed after 24-h incubation showed a significant decrease of CI in prAMEL (12.5 µg/ml) compared with cells stimulated with EMD 12.5 µg/ml (P=0.02) and 25 µg/ml-stimulated cells (P=0.02). Moreover, all doses of AMEL (12.5, 25 and 50 µg/ml) administered for 48-h caused a significant decrease in the proliferation rate in comparison with both control cells (P\<0.001 for all doses) and all EMD doses (P\<0.001 for all comparisons; [Fig. 4](#f4-etm-0-0-3918){ref-type="fig"}) and EMD (50 µg/ml)-stimulated cells (P=0.005; [Fig. 4](#f4-etm-0-0-3918){ref-type="fig"}).

### Cell migration

Regardless of the type of ligand, dose and time following stimulation, no significant differences in SCC-25 cell migration were observed ([Table III](#tIII-etm-0-0-3918){ref-type="table"}). A graph showing the rate of migration of SCC-25 cells when incubated with EMD, prAMEL or TRAP protein is shown in [Fig. 5](#f5-etm-0-0-3918){ref-type="fig"}.

Discussion
==========

Previous studies on the effects of EMD, conducted on a variety of research models, have been inconclusive ([@b21-etm-0-0-3918],[@b22-etm-0-0-3918]). A number of ambiguities have made it hard to compare the results between studies and have impeded the characterization of the functions of the different components of EMD. Firstly, previous *in vitro* studies have used various cell types (epithelial, tongue carcinoma, gingival fibroblast, periodontal ligament, bone marrow-mesenchymal stem cells) obtained from different species (such as, rat, pig and human) ([@b18-etm-0-0-3918],[@b19-etm-0-0-3918],[@b21-etm-0-0-3918]--[@b24-etm-0-0-3918]). Secondly, the studies used a number of different EMPs, such as commercial lyophilized EMD and different fractions isolated from it (\<6 kDa, mainly TRAP; \>6 kDa, LRAP, sheathing peptides and the full-length AMEL) ([@b21-etm-0-0-3918]), or numerous recombinants, such as full-length AMEL ([@b22-etm-0-0-3918]) and chemically synthesized 5.3 kDa TRAP ([@b23-etm-0-0-3918]). Furthermore, there are marked differences in the concentration of EMPs used; from between 10 ng/ml and 100 µg/ml. Finally, different techniques were applied in order to measure the biological effects of the EMPS. Conventional cell-based assays may be more prone to artifacts, due to considerable manipulation of the cell by labeling or over-expression of target or reporter proteins ([@b25-etm-0-0-3918]).

Numerous studies concerning the effects of EMD focus on periodontal tissue, including its stimulation ([@b14-etm-0-0-3918],[@b15-etm-0-0-3918],[@b24-etm-0-0-3918]). These have shown that the effects of EMD are different in mesenchymal and epithelial cells ([@b14-etm-0-0-3918],[@b18-etm-0-0-3918],[@b19-etm-0-0-3918],[@b24-etm-0-0-3918]). Results concerning the influence of EMD on oral epithelial cells are particularly ambiguous; EMD was determined to have an anti-proliferative effect on epithelial cells ([@b12-etm-0-0-3918],[@b13-etm-0-0-3918]), but numerous clinicians have observed accelerated epithelial soft-tissue healing upon intrasurgical application of EMD ([@b26-etm-0-0-3918]--[@b29-etm-0-0-3918]). It has been suggested that EMD may induce alterations in malignant mucosal tissue, which implies that patients with pre-malignant or malignant mucosal lesions should not be treated with EMD ([@b27-etm-0-0-3918]).

The aim of the present study was to determine the influence of EMD, AMEL and TRAP on human tongue carcinoma cells using a cell-based, label-free and real-time platform technology (xCELLigence). Label-free technologies have the advantage of being non-invasive. The real-time monitoring of cells provides important information regarding their biological status, such as cell growth, arrest and morphological changes. The qualities of this system made it possible to obtain physiologically relevant results.

The results of the present study indicate that EMD does not influence the morphology of SCC-25 significantly. Kawase *et al* ([@b13-etm-0-0-3918]) observed that SCC-25 cell cultures treated with 100 µg/ml EMD for 3 days became more flattened and had a slightly lower cell density. In the present study, cells were stimulated with EMD at concentrations of 12.5, 25 and 50 µg/l, which may explain the differences in the results obtained.

Real-time tests performed using the xCELLigence system indicate no significant effects of EMD on adhesion, proliferation and migration of SCC-25 cells. These results contradict the observations of Kawase *et al* ([@b13-etm-0-0-3918]), that EMD (in a dose-dependent manner) inhibited oral epithelial cell division and concomitantly arrested cell cycling at the G1 phase, although no apoptosis was observed. Kawase *et al* ([@b13-etm-0-0-3918]) concluded that EMD acts as a cytostatic, rather than cytotoxic, agent on epithelial cells. In other studies the same group of researchers showed that EMD reduced DNA synthesis in a dose-dependent manner ([@b12-etm-0-0-3918],[@b14-etm-0-0-3918]). Evidence from the literature suggests that the suppression of epithelial cell growth observed may be mediated by transforming growth factor β1 (TGF-β1) ([@b14-etm-0-0-3918]). Porcine TGF-β1 up-regulates p21 (WAF/CIP1) expression and inhibits epithelial proliferation ([@b14-etm-0-0-3918]). In addition, TGF-β1 phosphorylates the mitogen-activated protein kinase (MAPK) family, similar to EMD. Anti-TGF-β antibody completely blocks the up-regulation of p21 protein and anti-proliferative action by EMD or TGF-β in epithelial cells ([@b14-etm-0-0-3918]). In addition, anti-TGF-β antibody blocks other actions of EMD in epithelial cells, p38-MAPK and inhibition of DNA synthesis ([@b14-etm-0-0-3918]).

Anti-TGF-β antibody blocks TGF-β1- and EMD-induced SMAD family member 2 (SMAD2) translocation ([@b14-etm-0-0-3918]). Kawase *et al* ([@b14-etm-0-0-3918]) concluded that TGF-β1, as a principal bioactive factor in EMD, likely inhibits epithelial cell proliferation by a SMAD2-mediated, p21-dependent mechanism. Moreover, Kawase *et al* ([@b12-etm-0-0-3918]) showed that 50 µg/ml EMD promoted SCC-25 cell adherence and stimulated cytoskeletal actin polymerization. However, Laaksonen *et al* ([@b30-etm-0-0-3918]) did not confirm the inhibitory effects of EMD on tongue squamous cell carcinoma proliferation, no differences were found between the control and the EMD-treated (100 and 200 µg/ml) cells after 12, 24, 48, 72 and 96 h of incubation. Furthermore, Gestrelius *et al* ([@b16-etm-0-0-3918]) did not observe any statistically significant changes in rat tongue epithelial cell proliferation after exposure to 100 µg/ml EMD. In addition, Mirastschijski *et al* ([@b17-etm-0-0-3918]) revealed significant epithelization after EMD treatment *in vivo* in rabbits. Moreover, a previous study indicated that EMD promotes re-epithelialization and neovascularization in full-thickness surgical wounds in rat oral mucosa ([@b28-etm-0-0-3918]). Maymon-Gil *et al* ([@b29-etm-0-0-3918]) observed that EMD had no effect on epithelial gap closure of an oral mucosa surgical wound *in vivo* in rats. The differences in the results of these studies are likely associated with the method of EMD application; directly on the wound, or underneath the soft tissues.

Previous studies conducted on cervical cancer cells indicated that EMD has an inhibitory effect on epithelial cells ([@b13-etm-0-0-3918],[@b27-etm-0-0-3918]). Lyngstadaas *et al* ([@b15-etm-0-0-3918]) showed that HeLa cells growing in the presence of EMD exhibited a highly increased intracellular level of cyclic adenosine monophosphate compared with controls. EMD primarily contains glycoproteins, and AMEL to non-AMEL proteins (such as, ameloblastin and enamelin) at a ratio of \~9:1 (AMEL:rest of proteins) ([@b31-etm-0-0-3918],[@b32-etm-0-0-3918]). Full-length AMEL induces proliferation in periodontal cells, such as mesenchymal stem cells ([@b33-etm-0-0-3918]), cementoblasts ([@b34-etm-0-0-3918]), periodontal fibroblasts ([@b18-etm-0-0-3918],[@b34-etm-0-0-3918]) and gingival fibroblasts ([@b18-etm-0-0-3918]).

The present study observed a dose-dependent inhibitory effect of porcine recombinant AMEL (21.3 kDa) on SCC-25 cell proliferation. These results are consistent with observations made by a previous study that indicated that recombinant AMEL inhibits the growth rate, adhesion and migration of gingival epithelial cells ([@b18-etm-0-0-3918]). Li *et al* ([@b19-etm-0-0-3918]) identified that recombinant 25 kDa porcine AMEL (5, 10 and 20 µg/ml) inhibited human gingival epithelial cell attachment, migration and growth rate in a time- and dose-dependent manner. In addition, a previous study demonstrated that recombinant AMEL inhibits epithelial cell proliferation *in vitro*. The results of Kuramitsu-Fujimoto *et al* ([@b35-etm-0-0-3918]) suggest that ameloblastin is the primary bioactive factor of EMD in regards to inhibition of epithelial cell proliferation. It has been suggested that EMPs, such as AMELs and ameloblastin, are required for enamel biomineralization and have synergistic cellular functions ([@b36-etm-0-0-3918]).

The present study examined the effects of recombinant 5.3 kDa TRAP on SCC-25 cells. No significant differences were found between the control and TRAP-treated (12.5, 25 and 50 µg/ml) cells in terms of adhesion, migration and proliferation. Villa *et al* ([@b28-etm-0-0-3918]) observed increased migration of epithelial cells following EMD treatment compared with recombinant TRAP stimulation in palatal wounds in rats. Numerous previous studies have analyzed the effect of the EMD protein fraction with a molecular weight of \~5 kDa, which is presumably composed by TRAP ([@b4-etm-0-0-3918],[@b5-etm-0-0-3918],[@b37-etm-0-0-3918],[@b38-etm-0-0-3918]). These studies performed the following TRAP preparation methods: TRAP isolated from EMD; recombinant peptide TRAP; and synthetic TRAP, which resulted in different observations concerning their biological effects ([@b4-etm-0-0-3918],[@b5-etm-0-0-3918],[@b37-etm-0-0-3918],[@b38-etm-0-0-3918]). This suggests that the method of TRAP preparation may be an important factor in influencing its biological activity. Jonke *et al* ([@b37-etm-0-0-3918]) demonstrated that TRAP isolated from EMD and synthetic TRAP (100 µg/ml) significantly decreased human umbilical vein endothelial cell proliferation and viability. No statistically significant decrease in proliferation of TRAP-treated cells was observed in the present study, although this was recombinant TRAP, 50 µg/ml was the highest concentration used and was on different cell line. EMPs are conserved as well as the TRAP cleavage site in humans and other mammals ([@b1-etm-0-0-3918]), however, because EMD contains porcine AMELs, porcine AMEL and porcine TRAP were used in the present study to minimize any differences. To the best of our knowledge, no previous studies used a similar research model of TRAP synthesis, which impeded the verification of results obtained.

In conclusion, the aim of the present study was to investigate effects of EMD, porcine recombinant AMEL and TRAP on SCC-25 cells using a real-time cell analysis platform (xCELLigence). The results demonstrated that EMD and its active components did not increase the tongue cancer cell viability, and that porcine recombinant AMEL inhibited epithelial cell proliferation and migration. To the best of our knowledge, no previous EMD studies concerning SCC-25 cells were conducted with the use of real-time monitoring. Thus, differences between the results of the present study and those obtained by previous studies are likely due to differences in the measurement technique used and the structure of applied ligands (AMEL and/or EMD). The amelogenin construct was coding a protein with a mass of 21.3 kDa; however, a GST tag was added in order to increase the protein solubility. The final product used in the present research, comprising of amelogenin and GST, had a molecular mass of 49 kDa. The xCELLigence system enables better reproducibility than other instruments, which is an argument in favor of its use in real-time analysis of SCC-25 cells.

![No difference was observed in SCC-25 cell morphology prior to and following stimulation with enamel matrix derivative (EMD), porcine recombinant AMEL and tyrosine-rich AMEL peptide (TRAP). (A) Untreated SCC-25 control cells were characterized by a spindle-like shape, which became more circular with increasing cell density. No difference in morphology was observed between the control cells and cells following (B) 50 µg/ml EMD, (C) 50 µg/ml prAMEL and (D) 50 µg/ml TRAP stimulation. Images were captured at a magnification of ×40.](etm-13-01-0160-g00){#f1-etm-0-0-3918}

![Effect of enamel matrix proteins on the rate of adherence of SCC-25 cells. The rate of SCC-25 cells adherence was monitored between 0 and 14 h, in real-time using the xCELLigence system, following stimulation with EMD, porcine recombinant prAMEL or TRAP. prAMEL, porcine recombinant amelogenin; TRAP, tyrosine-rich AMEL peptide; EMD, enamel matrix derivative.](etm-13-01-0160-g01){#f2-etm-0-0-3918}

![Effect of enamel matrix proteins on the rate of proliferation of SCC-25 cells. SCC-25 cells were incubated with EMD, porcine recombinant prAMEL or TRAP for 77 h, and the rate of proliferation was monitored in real-time using the xCELLigence system. EMD, enamel matrix derivative; TRAP, tyrosine-rich amelogenin peptide; prAMEL, porcine recombinant AMEL.](etm-13-01-0160-g02){#f3-etm-0-0-3918}

![Effect of enamel matrix proteins on the rate of proliferation of SCC-25 cells 48 h after stimulation. SCC-25 cells were incubated with EMD, porcine recombinant AMEL or TRAP for 48 h, and the rate of proliferation was monitored using the xCELLigence system. Results were obtained from 3 separate analyses and are expressed as the mean ± standard deviation (error bars). \*P\<0.05 vs. control and all EMD concentrations, as determined by one-way analysis of the variance with a *post-hoc* Tukey test.](etm-13-01-0160-g03){#f4-etm-0-0-3918}

![Effect of enamel matrix proteins on the rate of migration of SCC-25 cells. The rate of migration was monitored in real-time for 49 h (xCELLigence system) following incubation with EMD, porcine recombinant AMEL or TRAP. EMD, enamel matrix derivative; prAMEL, porcine recombinant amelogenin; TRAP, tyrosine-rich AMEL peptide.](etm-13-01-0160-g04){#f5-etm-0-0-3918}

###### 

Effect of EMPs on the rate of adherence of SCC-25 cells.

                 Cell index value mean ± standard deviation              
  -------------- -------------------------------------------- ---------- ----------
  Control        0.80±0.9                                     1.49±1.3   1.94±1.6
  EMD, 12.5      0.57±0.5                                     0.93±0.8   1.22±0.9
  EMD, 25        0.56±0.5                                     0.94±0.8   1.23±1.0
  EMD, 50        0.55±0.3                                     0.99±0.4   1.36±0.4
  prAMEL, 12.5   0.53±0.4                                     0.91±0.6   1.24±0.7
  prAMEL, 25     0.62±0.2                                     1.14±0.3   1.59±0.3
  prAMEL, 50     0.70±0.3                                     1.25±0.4   1.67±0.5
  TRAP, 12.5     0.77±0.5                                     1.28±0.8   1.66±0.9
  TRAP, 25       0.52±0.4                                     0.84±0.6   1.08±0.7
  TRAP, 50       1.07±0.6                                     1.65±0.7   1.95±0.8
  P-value        \>0.05                                       \>0.05     \>0.05

Cell index values were monitored using the xCELLigance system. Results are from three repeats. No significant differences were detected between the groups. EMP, enamel matrix protein; EMD, enamel matrix derivative; prAMEL, porcine recombinant amelogenin; TRAP, tyrosine-rich amelogenin peptide.

###### 

Effect of EMPs on the rate of proliferation of SCC-25 cells.

                 Cell index value mean ± standard deviation                                                        
  -------------- -------------------------------------------- ---------------------------------------------------- -----------------------------------------------------
  Control        3.9±0.9                                      5.0±1.3                                              7.2±0.6
  EMD, 12.5      5.6±1.1                                      6.8±1.1                                              7.0±0.1
  EMD, 25        5.4±0.8                                      6.7±0.5                                              7.1±0.1
  EMD, 50        4.4±0.1                                      5.7±0.1                                              7.8±0.4
  prAMEL, 12.5   3.0±0.5                                      3.7±0.4                                              5.1±0.3
  prAMEL, 25     4.5±1.2                                      5.0±0.8                                              5.2±0.9
  prAMEL, 50     3.5±1.3                                      4.4±0.7                                              4.9±0.9
  TRAP, 12.5     3.6±0.7                                      4.4±0.9                                              5.6±1.1
  TRAP, 25       5.1±0.3                                      6.2±0.4                                              6.5±0.3
  TRAP, 50       4.0±0.4                                      5.0±0.4                                              6.2±0.2
  P-value        0.07                                         0.02^[a](#tfn3-etm-0-0-3918){ref-type="table-fn"}^   0.005^[b](#tfn4-etm-0-0-3918){ref-type="table-fn"}^

Cell index values were monitored using the xCELLigance system. Results are from three repeats. EMP, enamel matrix protein; EMD, enamel matrix derivative; prAMEL, porcine recombinant amelogenin; TRAP, tyrosine-rich amelogenin peptide. P-value calculated from one-way analysis of the variance.

P\<0.05 between prAMEL (12.5 µg/ml) and EMD and TRAP

P\<0.05 between all concentrations of prAMEL and EMD and TRAP.

###### 

Effect of EMPs on the rate of migration of SCC-25 cells.

                 Cell index value mean ± standard deviation             
  -------------- -------------------------------------------- --------- ---------
  Control        1.4±2.1                                      1.8±2.0   2.6±1.8
  EMD, 12.5      2.0±1.6                                      2.2±1.8   3.2±2.6
  EMD, 25        3.4±2.6                                      3.7±2.6   3.8±1.7
  EMD, 50        3.7±3.0                                      3.9±3.1   3.7±2.7
  prAMEL, 12.5   1.1±1.4                                      2.0±1.8   3.9±2.4
  prAMEL, 25     1.3±1.8                                      2.1±1.4   3.9±2.6
  prAMEL, 50     0.9±0.9                                      2.0±1.1   4.0±2.0
  TRAP, 12.5     1.7±2.1                                      2.5±2.3   3.7±2.0
  TRAP, 25       2.1±2.0                                      3.3±2.0   4.9±0.4
  TRAP, 50       2.1±2.5                                      2.9±2.1   4.0±2.2
  P-value        \>0.05                                       \>0.05    \>0.05

Cell index values were monitored using the xCELLigance system. Results are from three repeats. No significant differences were detected between the groups. EMP, enamel matrix protein; EMD, enamel matrix derivative; prAMEL, porcine recombinant amelogenin; TRAP, tyrosine-rich amelogenin peptide.
